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However, one of the obstacles in virtual screening (VS) is the low correlation between the biological activities and the docking scores. Although VS techniques continue to be developed and improved with respect to the search methods and score functions, 3 most current empirical scores such as Ludi 4 and PLP 5 are still ineffective for describing electron transfer phenomena such as cation-π interactions. Consequently, quantum mechanical(QM) methods have been applied to protein-ligand complex. 6, 7 However, due to their sizes of systems and amount of computational resources needed, applying QM method to biological systems is still limited. To overcome these problems, this study suggests a suitable QM based scoring strategy and applies this strategy to the topoisomerase I (TOP1)-inhibitor complex. TOP1 is an essential enzyme that relaxes DNA supercoiling and relieves torsional strain during DNA processes.
8,9 TOP1-inhibitor interactions are very good examples for validating the QM scoring strategy because the interaction involves three different molecules, protein, DNA, and ligand, thus making it difficult to describe by empirical score functions. TOP1 inhibitors stabilize the binary complex of TOP1 and DNA by intercalating with the DNA base pairs and by interacting with the residues of TOP1. The X-ray crystal structures of a human TOP1-DNA complex bound with 3 inhibitors-topotecan (L1), 10 camptothecin (L2), 11 and indolocarbazole (L3)
10
-have been previously reported with their biological activities (pK i ) (Fig. 1) . The crystal structures of the TOP1-L1, L2, and L3 complexes obtained from the Protein Data Bank 12 (PDB ID: 1T8I, 1K4T, and 1SEU, respectively) were used as the initial structures. Four methods-Ludi, 4 LIGSCORE1, LIGSCORE2, 13 and PLP
5
-were tested and the correlation (R 2 ) between the calculated scores and the observed pK i values is shown in Table 1 . The best score was obtained for PLP with R 2 values of 0.89. QM calculations were performed for the same complexes using the following procedure. The complexes (protein-DNA-ligand) were energy minimized by use of molecular mechanics within Discovery Studio 2.1 (Accelrys).
14 With the exception of the residues within 5 Å from the ligand, 15 other residues were eliminated and discontinuous portions between the amino acids and the DNA were replaced with hydrogen atoms to make the complex sufficiently small for the QM treatment. Three different sets of calculations were performed for each complex:
), and ligand (G Ligand ). Frequency calculations were introduced to calculate the entropic contribution to the total free energy. The calculations were carried out using GAUSSIAN03. 16 During the QM calculation, the coordinates of the heavy atoms of TOP1 and DNA parts were fixed whereas the other coordinates were relaxed. The total energy and interaction energy were evaluated at the HF level using the STO-3G and 4-21G basis sets. Relatively small basis sets were used because the systems are still fairly large for the application of QM.
The binding energy was calculated as follows:
The binding energies were computed to investigated the structure activity correlations, and frequency calculations were performed to introduce entropy terms into the free energy calculation, G = H − TS. Entropy calculations were performed by considering the contributions from the rotational and vibrational motions. Changes in entropy due to the decreased flexibility of the ligand upon binding are commonly regarded as a configurational entropy.
17
The quantum mechanical binding energy and the free energy of binding are listed in Table 2 . The correlation between the experimental activity and the theoretical free energy of binding was calculated and the results with the 4-21G basis set showed relatively low statistics ( = 0.587, and = 0.984) compared to the other basis set ( = 0.584, and = 0.999). Figure 2 shows a better comparison between the empirical and the QM-based methods.
To overcome the limitations of the empirical scoring function that is usually very difficult to correlate to biological activities, we suggest QM-based methods for describing the interactions between proteins and ligands. In this study, the QM-based method, especially with the entropic term included, shows very good correlation with experimentally determined biological activities. Once a binding mode is given by a docking program, the QM-based method can accurately estimate the interactions between the ligand and the target protein. 
